T inniTus can be subjective, i.e., when the sound is perceived by the individual alone, or objective, i.e., when an observer can recognize the tinnitus sound of the patient.
accurate diagnosis of PT is imperative because 44%-91% of PT patients have underlying structural abnormalities treatable via surgical or endovascular intervention. 10, 11 PT cases amenable to treatment include those of arterial or venous origin, or those associated with neoplastic problems triggering intracranial pulsation, vascular flow murmur, temporomandibular joint problems, patulous eustachian tube, myoclonus of the palate or middle ear muscle, or a dehiscent semicircular canal. 12 Vascular PT (VPT), the most common form of PT, is attributable to turbulent blood flow caused by vascular abnormalities including an aberrant internal carotid artery, a dehiscent jugular bulb, a vascular loop in the internal auditory canal, an arteriovenous fistula, atherosclerosis, and sigmoid sinus (SS) dehiscence or diverticulum.
1 SS dehiscence (SSD) and diverticula are the most common identifiable causes of VPT. SSD or diverticula are evident in 23% of patients with PT, and, among PT patients with definable etiologies, 33% had SSD or diverticula. 7, 20 However, SSD is also found in as many as 12% of asymptomatic patients, 7 and a bone thickness of less than 0.6 mm over the SS can be falsely interpreted as dehiscence. 3, 14 Also, when it is considered that iatrogenic dehiscence of the bony wall of the SS during mastoidectomy usually does not trigger PT, SSD alone may not always cause VPT. Rather, other anatomical abnormalities associated with conduction of blood flow-driven sound to the middle ear may be associated with VPT in patients with true-or false-positive SSD.
Recently, we reported a case of objective unilateral PT audible via bare-ear auscultation. 31 Temporal bone CT angiography (TB-CTA) revealed an ipsilaterally prominent SS (the dominance of which was stark compared with that of the contralateral SS). However, the affected SS exhibited no dehiscence or diverticulum. We successfully managed the case via transmastoid compression of the dominant SS using 2 chips of autologous cortical bone; the subjective loudness of the PT was alleviated to 10% of the preoperative level. Based on this initial experience, we sought to identify patients with unilateral PT who had a significant ipsilateral-dominant SS with dehiscence or thinning (DSSD/T). Of such patients, a subgroup with incapacitating symptoms underwent surgical interventions.
Below, we introduce our novel modified surgical technique with transmastoid reshaping of the DSSD/T. We used simple mastoidectomy, mechanical compression of the SS, and reinforcement of the bony SS wall for management of VPT caused by DSSD/T. We discuss the surgical outcomes. Additionally, we define the possible pathophysiological mechanism of VPT perception and show that symptoms improve after surgical intervention in certain patients.
methods patient population
We included patients with PT who visited Seoul National University Bundang Hospital between February 2010 and February 2015. After radiological evaluation via contrast-enhanced TB-CTA and brain MRI with angiography (MRI/A), patients for whom the PT was presumed to be caused only by DSSD/T were selected as candidates for transmastoid SS-reshaping surgery. Patients with PT that was probably caused by other structural abnormalities evident on TB-CTA or brain MRI/A were not scheduled for SS reshaping. A total of 8 patients underwent transmastoid SS-reshaping surgery. Patient demographic characteristics are summarized in Table 1 . Patients' ages ranged from 36 to 66 years (median 56 years). Of the 8 patients, 3 were men and 5 were women. Four patients complained of right-sided PT, and the other 4 had leftsided PT. Upon TB-CTA with contrast enhancement, all patients exhibited DSSD/T on the side of the perceived PT. The study was approved by the institutional review board of the Clinical Research Institute at Seoul National University Bundang Hospital.
preoperative clinical evaluation
All patients in the current case series underwent comprehensive preoperative evaluation in terms of the side of the tinnitus; its duration; other otologic symptoms such as hearing loss or dizziness; any medical condition that might be associated with PT such as previous cerebrocranial trauma, cardiovascular disorders, metabolic syndrome, or psychiatric disorders; and the patient's medication history, including angiotensin-converting enzyme inhibitors and calcium antagonists. Also, all patients underwent numeric rating scale (NRS) analysis of tinnitus loudness (i.e., by answering the question, "How loud is your tinnitus?" on a scale from 0 to 10) and tinnitus-related distress (i.e., by answering the question, "How much are you bothered by your tinnitus?," again on a scale from 0 to 10) by a physician who was not involved in the surgical procedures.
All patients underwent full otoendoscopic and audiometric evaluations, including pure-tone audiometry (PTA) and psychoacoustic tinnitus pitch and loudness matching. On physical examination, the head and neck area was fully examined, including the changes of PT upon digital compression of the ipsilateral internal jugular vein (IJV) and head rotation to the ipsi-and contralateral sides, and auscultation to locate any possible source of PT. In selected patients (Cases 4 and 7 in Table 1 ), the PT acoustical characteristics were analyzed via transcanal tinnitus sound recording using an inserted microphone (RØDE Microphones); real-time recording using Cubase 5.0 software (Steinberg Media Technologies); and, finally, data analysis using MATLAB R2013a (The MathWorks).
All patients underwent TB-CTA with contrast enhancement using Philips128 CT scanners (Philips Medical Systems). TB-CTA was acquired with a tube energy of 120 kVp, a quality reference value of 250 mA, and a detector configuration of 2 × 0.625 mm. The thickness or interval of each CT scan was 0.7 mm and the length of each scan was 16 cm. SSD on TB-CTA was defined as loss of the normal SS contour, focal thinning of the mastoid cortex, absence of normal cortical bone over the SS, or direct contact of the SS with mastoid air cells. 5 
surgical technique
In all cases, the surgical goals were as follows: 1) to fully skeletonize the dominant SS and to reshape that SS via external compression; 2) to reinforce the SS wall (including any dehiscent portion), to reduce transmission of pulsatile sound from the SS; and 3) to perform complete simple mastoidectomy to reduce sound conduction from the SS to the middle ear. The surgical steps of our transmastoid SS reshaping are summarized in Fig. 1 . Via a postauricular incision, an anteriorly based periosteal flap was elevated and the mastoid cortex widely exposed. Two or 3 autologous cortical bone chips were harvested for later use (Fig. 1A) . Via simple mastoidectomy, the SS was fully skeletonized (Fig. 1B) . After evaluating dehiscence or thinning of the skeletonized SS wall, the transverse sinus-SS junction was exposed by uncovering the overlying bony shell (Fig. 1C, dotted ellipse) .
Next, a piece of harvested temporalis fascia was inserted between the SS and the skeletonized shell (Fig. 1D , dotted ellipse), and the harvested autologous cortical bone chips were inserted between the fascia and the SS wall, parallel to the long axis of the SS, to compress the SS externally (Fig. 1E, dotted ellipse) . In this step, to smoothen the transverse sinus-SS junction without causing postoperative central venous hypertension, we compressed less than 30% of the preoperative SS diameter. After covering the bony defect with another piece of temporalis fascia, the skeletonized SS wall was fully reinforced by covering it with HydroSet Injectable HA Bone Substitute (Stryker Corp.) (Fig. 1F ). Surgery was completed by reapproximating the periosteal and skin flaps.
postoperative management and outcome measurements
To prevent the postoperative development of increased intracranial pressure (IICP), as in Case 1 of our series, 31 all subsequent patients were routinely prescribed amiloride 5 mg and hydrochlorothiazide 25 mg twice daily for 2 weeks postoperatively. On each follow-up visit to the outpatient clinic, NRS tinnitus intensity and NRS tinnitusrelated distress were measured by a physician who was not involved in the surgical procedures. PTA was performed to detect any noticeable change in hearing threshold. Also, follow-up TB-CTA with contrast enhancement was performed postoperatively in all patients.
statistical analysis
The significance of improvements in NRS tinnitus loudness and NRS tinnitus-related distress was determined using the Wilcoxon signed-rank test. Statistical analyses were performed using SPSS (version 20.0; SPSS, Inc.). Statistical significance was set at p < 0.05.
results preoperative Findings
The median NRS tinnitus loudness and NRS tinnitus- related distress scores were 6 (range 3-9) and 7.5 (range 2-10), respectively. The median duration of PT was 5 months (range 3-24 months) ( Table 1) . One patient (Case 2) suffered from end-stage renal disease. Otherwise, there were no patients with a medical illness that may have affected their PT. No patients complained of other otologic symptoms, including dizziness or ear fullness. Upon PTA, 3 patients (Cases 1, 3, and 5 in Table 1 ) exhibited mild ipsilesional low-frequency sensorineural hearing loss (the PTA thresholds were more than 30 dB at 0.25 kHz or 0.5 kHz) but normal contralateral low-frequency thresholds ( Fig. 2A , C, and E; left panels). There were no cases of conductive component of hearing loss with air-bone gaps on PTA. Otoendoscopic or other physical examination of the head and neck area revealed no abnormal finding in any subject. All patients reported decreased sound intensity upon digital compression of the ipsilateral IJV or head rotation to the ipsilateral side, whereas increased sound intensity was reported upon head rotation to the contralateral side.
Upon bare-ear transcanal auscultation with a stethoscope or a Toynbee tube, PT was audible in only 1 patient (Case 1). Transcanal tinnitus sound recording was performed in Cases 4 and 7; both exhibited pulse-synchronous signals. Time-domain analysis revealed that pulsesynchronous signals were augmented upon contralateral head rotation and diminished upon ipsilateral rotation. This is because head rotation to the ipsilateral side decreases venous blood flow due to ipsilateral IJV compression by contraction of the sternocleidomastoid muscle, whereas rotation to the contralateral side increases venous blood flow 8, 10 (Fig. 3, upper panels) . Spectral-temporal analysis revealed audible low-frequency signals (Fig. 3 , lower panels).
On TB-CTA, all subjects except Case 3 exhibited absolute ipsilesional dominance of the SS, and 7 of 8 patients (87.5%) had suspicious ipsilesional dehiscence/thinning. However, Case 3 exhibited relatively low-level dominance of the ipsilesional SS. Dehiscence or thinning of the bony SS wall was mostly centered at the transverse sinus-SS junction. All patients exhibited bilaterally well-pneumatized mastoid cavities (Fig. 4 , left panels).
intraoperative Findings
As described above, all subjects underwent simple mastoidectomy and skeletonization of the SS, and expo- sure of the thinned or dehiscent bony wall. Next, the SS was reshaped by external compression of the sinus and reinforcement of the bony wall with bone cement. Intraoperatively, 4 of 8 subjects exhibited true bony dehiscence at the junction between the transverse sinus and the SS, whereas the other 4 exhibited focal thinning of the SS wall, without any dehiscence. No surgery featured a major intraoperative event.
postoperative Findings
In 7 of the 8 patients (87.5%), the PT abated immediately after the operation. Of note, in 4 of these 7 patients, the PT resolved completely. No patient reported changes in the residual tinnitus or other symptoms (e.g., headache) during position change, exertion, or other activities. However, in Case 3, the patient complained of persistent symptoms that did not improve during 10 months of follow-up. The median postoperative follow-up period was 9.5 months (range 4-13 months). The median postoperative NRS tinnitus intensity and NRS tinnitus-related distress scores were 1 (range 0-10) and 1 (range 0-10), respectively (Fig.  5) . The improvements in NRS tinnitus loudness and NRS tinnitus-related distress were statistically significant (p = 0.007 and p = 0.008, respectively, determined using the Wilcoxon signed-rank test). None of the patients showed changes in their NRS tinnitus intensity and NRS tinnitusrelated distress scores during the postoperative follow-up described in Table 1 .
Interestingly, all 3 patients who exhibited preoperative ipsilesional low-frequency sensorineural hearing loss exhibited improvements in low-frequency hearing thresholds immediately after operation (Fig. 2B, D , and F; right panels). Postoperative TB-CTA revealed reshaped SSs, with smaller diameters and thicker bony walls, in all cases (Fig. 4, right panels) . As mentioned above, postoperative IICP developed in Case 1. The patient complained of pulsating headache, and papilledema was noted on the funduscopy. After confirming near obstruction of the SS on MR venography of the brain, surgical reexploration and partial decompression of the SS were performed. Partial removal of the inserted pieces of cortical bone chips completely relieved his headache and resumed the venous flow of the SS, as confirmed by follow-up MR venography immediately after reoperation. However, none of the other 7 cases developed any major postoperative complications after routine short-term prescription of diuretics.
discussion
Seven of 8 patients (87.5%) reported markedly decreased or absent VPT immediately after transmastoid SS-reshaping surgery; this was statistically significant (p = 0.001 in terms of NRS tinnitus loudness and p = 0.004 in terms of NRS tinnitus-related distress, determined using the Wilcoxon signed-rank test). The results cannot be directly compared with previous studies because this is the first case series to examine patients with VPT due to DSSD/T. However, the outcome is comparable to those of previously reported transmastoid SS surgical interventions in patients with VPT due to SS diverticulum and/or dehiscence, which demonstrated successful outcomes in all enrolled case series. 5, 16, 19 Moreover, 3 cases exhibited postoperative low-frequency hearing gains (Fig. 2) . These improvements can be attributed to alleviation of the masking effect of VPT on (characteristically) low-pitched sound. 21 Pulsatile tinnitus can originate from vascular structures of the intracranial, extracranial, cervical, and thoracic cavities. 21 The evaluation of medical histories, physical examination, and imaging studies such as CT and/or MRI/A are important for differentiating the vascular origin of VPT (Table 2) .
1,2,8 The possible etiologies of PT were previously explored, 8, 21, 29 but DSSD/T has never been considered a possible cause of VPT. After we noted the postoperative improvement in VPT symptoms in our first case (an ipsilesionally prominent SS lacking any dehiscence or a diverticulum), we searched for previously unrecognized DSSD/T in patients with VPT who otherwise exhibited no abnormal vascular structural finding on either TB-CTA or MRI/A. As a result, we successfully managed a further 7 patients with VPT using our novel surgical approach. Below, we discuss the possible pathophysiological mechanism underlying VPT generation and perception, and the advantages of our surgical procedure.
possible pathophysiological mechanisms of vpt perception in patients with dssd/t
Blood flow generates a constant pulse-synchronous sound that is not usually consciously perceived. However, in VPT cases of venous origin, 2 plausible mechanisms may cause patients to perceive the sound. First, local turbulence originating from acceleration or changes in blood flow may disrupt laminar flow and become the source of VPT. 8 Second, as previous studies have suggested, 19, 20 when a pulse-synchronous sound is generated, that sound may be transmitted primarily through the bone conduction route to the inner ear if any discontinuity or weakness is present in the bony (normally) soundproof wall. Vascular PT caused by DSSD/T can be explained by the mechanisms summarized above. Unilateral SS dominance is a common finding, and the right venous system is generally dominant. 15 However, when the asymmetry between the 2 SSs is abnormally severe, the abnormally dominant side may receive almost all of the venous blood flow, considering that the volume flow rate is proportional to the fourth power of the radius (Poiseuille's law) (Fig. 6A, left 18 This may trigger slowly progressive erosion of the cortical bone overlying the significantly dominant SS and, as the result of a form of Lamarckian inheritance, the diameter of the dominant SS may increase gradually (Fig.  6A, left panel) . There have been no studies that directly explored the longitudinal changes in the diameter of the SS. However, a recent study on the results of SS diverticulum repair has shown recurrence of the diverticulum 4.5 years after initial resurfacing surgery using only bone wax. 25 This report may indirectly prove that a significantly dominant SS may result in the erosion of the overlying cortical bone and thus increase its own diameter.
As suggested previously, 16 acute pressure erosion of or congenital defects in the SS bony wall are unlikely; the SS is a low-pressure venous system. Also, in most cases reported to date, PT symptoms caused by venous abnormalities have developed in late middle age. 7, 16 This is probably why our youngest patient with PT was in her mid-30s.
Increased irregularity of or asymmetry in vessel diameter, thus not the absolute vessel diameter per se, is considered to generate the turbulence causing VPT. 4 It has been suggested that the shape and angle of the transverse sinus-SS junction are important in the generation of turbulent flow that causes resonant sound in the mastoid cavity. 32 In agreement with previous reports, most dehiscence or focal thinning of the bony SS wall was evident at the transverse sinus-SS junction in our case series.
A poor soundproof interface between the SS and the middle ear may reduce dampening of VPT sound (Fig. 6B,  left panel) . Thus, pulse-synchronous VPT can be transmitted to the middle ear via air or bone conduction. 19 Because all of our subjects had well-pneumatized mastoid air cells, the VPT may have been transmitted from a dehiscent or thinned SS wall to the middle and inner ear through the trabecular structure of such air cells, thus via both air and bone conduction routes, with minimal sound dampening (Fig. 6C, left panel) .
the advantages of transmastoid ss-reshaping surgery compared with other external and endovascular approaches After treating our first patient (Case 1), who exhibited marked improvement of VPT symptoms upon external compression of the SS using cortical bone chips, and mild recurrence after partial removal of the bone chips to control IICP, we refined our transmastoid SS-reshaping surgery; this is now our routine procedure for selected patients with VPT who have ipsilesional DSSD/T.
As summarized in Figs. 6 and 7, the surgical rationale for transmastoid SS-reshaping surgery is 3-fold. First, by inserting cortical bone chips between the SS and its bony wall, partial redistribution of the blood flow to minimize the turbulence may be achieved (Fig. 6A, right panel;  Fig. 7 ). In particular, by smoothing the transverse sinus-SS junction using harvested cortical bone chips, the most plausible source of turbulence is interrupted. Second, to reestablish the sound-insulating effect of the bony SS wall, reinforcement of that wall, not only at the dehiscent or thinned portion but along its entire length, is achieved using bone cement (Fig. 6B, right panel; Fig. 7 ). Third, simple mastoidectomy removes mastoid air cells to fully expose the SS from the transverse sinus-SS junction down to the jugular bulb, and to minimize bone conduction from the SS to the middle ear (Fig. 6C, right panel; Fig. 7 ).
An SS-resurfacing procedure including external compression of the diverticulum and resurfacing of the bony wall (via a transmastoid approach) to manage VPT patients with SS diverticula has been described. 33 This procedure is similar to our SS-reshaping surgery, but may not be appropriate for VPT patients with DSSD/T. Unlike what is useful for patients with SS diverticula, focal reinforcement of the dehiscent/thinned portion may not adequately reduce local turbulence in VPT patients with DSSD/T. In particular, as in Cases 1, 7, and 8 in our series, patients lacking any dehiscence of the bony SS wall may be encountered. In such cases, a simple SS-resurfacing procedure is not useful.
An endovascular approach has been successfully used to treat VPT patients with ipsilateral SS diverticula. 6, 13, 17 Endovascular occlusion of the sinus diverticulum may be a good (and less invasive) alternative to surgery if the anatomy of the venous lesion allows coils to be success- fully maintained. However, as in our case series, if VPT is generated not by a focal vascular lesion but rather by a DSSD/T, the endovascular approach may not be as effective as noted in patients with SS diverticula. Therefore, SSreshaping surgery is better than an endovascular approach to treat subjects such as those in our current case series, affording more reliable control of sound generation.
selection of surgical candidates
After achieving excellent results in Cases 1 and 2, the symptoms of Case 3 did not improve after surgery. Although the audiogram revealed an improvement in the ipsilesional low-frequency threshold (Fig. 2D) , which may indicate that the masking effect of VPT had been reduced, the patient's symptoms were persistent. This may be attributable to a relatively nonsignificant dominance of the ipsilesional SS compared with the other 7 subjects in our current case series. To solve the problem, we used transcanal VPT sound recording in the preoperative assessment of 2 patients (Cases 4 and 7; in Cases 5 and 6, the recording was not possible due to technical issues). Transcanal VPT recording/spectral-temporal analysis is not specific for the identification of turbulence at the level of the transverse sinus-SS junction because it only suggests that the presumptive origins are located at or near the middle ear. However, by confirming the presence of VPT and the possible sound source at or near the middle ear by this objective measurement and combining spectral-temporal analysis results with imaging findings of DSSD/T, we could select surgical candidates.
limitations of the present study
To the best of our knowledge, this is the first report on surgical reshaping for VPT patients with DSSD/T. However, our case series was limited in several aspects. The number of subjects was small and the follow-up was short; we could not evaluate the durability of reshaped sinus walls or redistribution of blood flow, nor the long-term surgical outcomes. Further clinical experience with a larger patient group is required to optimize the surgical technique and to establish criteria for optimal candidate selection. In addition, we only indirectly assessed symptom improvement using NRS scales because we cannot yet objectively compare pre-and postoperative symptoms. Therefore, it is possible that the surgical outcomes were confounded by a placebo effect of performing the surgical procedure itself. To minimize this possibility, the NRS scales were repeatedly measured at each visit to the outpatient clinic by a third party. In this regard, further work on objective measurements of PT is warranted. Also, VPT due to DSSD/T might be abated only by performing cortical mastoidectomy and sinus decompression without SS reshaping and resurfacing, especially in patients with an SS diverticulum closer to the jugular bulb. This warrants future randomized controlled trials to determine the optimal procedure.
conclusions
Transmastoid SS-reshaping surgery efficiently controls VPT in subjects with DSSD/T, a previously unrecognized cause of VPT. Appropriate surgical candidates may be selected via meticulous preoperative radiological evaluation; psychoacoustic measurements are also warranted. A combination of external compression of the SS with harvested cortical bone chips, reinforcement of the SS wall, and complete simple mastoidectomy allowed 87.5% of patients in our current case series to experience immediate resolution of or significant improvement in symptoms. 
